Automatic control and condition monitoring of wind turbines are usually treated as two distinct technical areas because control has a short-term focus, whereas condition monitoring has a long-term focus� In practice, energy capture and condition monitoring actually have interrelated objectives� The structural dynamic behaviour of the rotor system is the link between control and condition monitoring� The aerodynamic loads that govern energy capture are converted by the dynamics of the rotor into drive train loads, which govern many of the failure modes in the turbine� This chapter will discuss two ways in which these rotor structural dynamics can be used to improve decision making in operation and maintenance of wind turbines� A horizontal axis wind turbine test bed is used to experimentally simulate the rotor structural dynamic response to uniform flow as well as horizontal and vertical shear flow across the rotor plane� First, the vibrational characteristics of the rotor system are described in the context of modal analysis where each mode of vibration occurs at a particular frequency with a particular modal deflection shape� These shapes dictate the effectiveness with which a given aerodynamic load couples into the rotor to produce mechanical power in addition to vibrations of the rotor� It is shown using operational modal analysis that changes in yaw and pitch set points change the degree to which the rotor modes of vibration are excited and, consequently, the energy that is captured from the wind and the fatigue loads that act on the turbine� By analysing the changes in rotor response in the flap, edgewise and span directions, the source of power loss is classified so that corrective action can be taken in the form of rotor control� Second, the effects of changes in the wind state on the sensitivity of condition monitoring data to damages in the turbine rotor are discussed� It is shown using modal filters that certain frequencies in the measured response of the wind turbine are sensitive to a change in condition of the rotor in the form of ice accretion or blade root damage for use in detecting
Introduction
Modern utility-scale wind turbines are equipped with several types of sensors for monitoring the wind resource as well as mechanical and electrical variables of interest in the turbine� The performance and reliability of wind turbines are largely governed by the nature of the wind loads that act on the turbine rotor blades� The ability to characterise these loads in real time is advantageous for implementing control algorithms that increase energy capture, which is the primary short-term measure of wind turbine performance� An equally important measure of performance is long-term wind turbine reliability� Reliability is related to the structural integrity of the blade root, low speed shaft, yaw joint and other load bearing components [1] � A more complete awareness of the temporal and spatial variations in the wind loads that act upon the turbine rotor would allow operators to implement advanced control and maintenance strategies� Such information could also provide an understanding of why similar turbines in the same wind farm experience different failure patterns� The methodologies presented in this chapter characterise how the rotor forced response changes due to yaw and pitch set-point errors and how these changes affect the sensitivity of blade measurements to damage mechanisms� This understanding can be applied to improve energy capture while simultaneously facilitating turbine health management� The next two sections review the literature on yaw and pitch control errors and turbine physics of failure and damage detection to establish the need for improved measurement capabilities in the rotor�
Literature review: performance losses due to yaw and pitch control errors
Utility-scale wind turbines are equipped with anemometers and wind vanes that are located on the nacelle behind the rotor disk to characterise inflow wind conditions� However, this measurement position is not ideal for sensing wind speed due to interference that is created by the blades and nacelle� Furthermore, the wind speed often varies across the rotor disk due to vertical and horizontal wind shear as a result of the atmospheric boundary layer and other phenomena such as wake flow, but a single cup anemometer and wind vane positioned on the nacelle is incapable of measuring these variations� Wind direction data that are gathered by these sensors are used in part to control the yaw position, but these data yield an incomplete perspective of the force distribution on the rotor, which is of most interest for increasing energy capture and monitoring the structural integrity of the turbine� Because of these sensor errors, turbines often suffer from a lack of alignment with the oncoming wind flow; this is known as yaw error� This condition leads to a decrease in energy capture and large fatigue loads on the turbine [2] � Improper yaw alignment has been shown to create a local rotor blade angle of attack near stall� The addition of tower shadow effects and the cyclic separation and reattachment of flow over the rotor blades create large aerodynamic loads beyond static stall values [3] � The source of yaw control errors can be contributed to several different factors such as hysteresis in drive components, improper yaw sensor mesh, development of backlash in yaw position sensors and long time constants between sensor responses and drive action� Wind turbines can experience yaw error routinely due to the dynamic nature of the wind as it continuously changes direction [2] � If winds have high directional variance, yaw error is almost unavoidable especially on short time scales; however, a small increase in yaw response time could significantly improve energy capture by decreasing the turbine response time constant to variations in wind direction�
The development of an active yaw control algorithm has been explored in the literature using the maximum generated power as a means of determining the maximum wind speed direction based on a hill climbing control (HCC) program [4] � This method relies on continuous changes in yaw angle resulting in large time constants for correct perpendicular yaw alignment and an inability to align in nonsteady-state wind flow� Other methods utilise costly Doppler LIDAR (Light Detection And Ranging) systems, which apply lasers for three-dimensional mapping of the wind inflow to a turbine� These systems focus on the wind state and do not identify the loads experienced by the rotor blades�
In addition to yaw control errors, wind turbines can also suffer from pitch control errors� The use of active pitch control is common for power regulation� A pitch-controlled wind turbine uses the power output of the generator to determine the necessary pitch action� When power output increases beyond the rated capacity of the turbine's generator, a command is sent from the Supervisory Command And Data Acquisition (SCADA) system to the blade pitch mechanism to immediately turn (pitch) the rotor blades out of the wind� Conversely, as power output drops (i�e� wind speed decreases) the blades are turned back into the wind� This turning action along the longitudinal axis (pitch axis) is controlled by an electronic or hydraulic pitch motor and gear system� Generally, blades are pitched a few degrees every time the wind changes in order to maintain the optimum angle of attack to maximise the power output for all wind speeds� There are also active stall controlled and passive stall controlled wind turbines with different mechanisms for manipulating the blade pitch set point� Pitch control is the predominant means of control in current utility-scale wind turbines and is highly sensitive to power output� Even a small change in pitch angle (on the order of 2° of less) has a major impact on the performance and health of a wind turbine� The sensitivity to turbine performance is well illustrated by Burton [2] � The sources of pitch error are similar to those for yaw error and include hysteresis in pitch drive components, development of backlash in pitch position sensors and improper installation of the rotor blade in the field� Power deficits, however, are not solely the result of incorrectly pitched blades� Yaw error, pitch error, rotor or drive train damage, and wind and weather conditions can all lead to reduced power levels� Figure 1 demonstrates this result in a 1 kW horizontal axis wind turbine (described in a later section); note that for normalised power output in the range of 70% and above, the reduction from 100% power can be due to either pitch error or yaw error� To distinguish between the two, it is proposed that the blade dynamic response be analysed rather than relying on point measurements of wind speed, wind direction and generator power for yaw and pitch control� In addition to being able to more precisely determine the wind loading conditions on the blades, structural dynamic analysis can be applied to monitor the health of the turbine components, as described in the next section�
Literature review: wind turbine damage mechanisms and failures
The premise of this chapter is that short-term (energy based) and long-term (reliability based) measures of performance of wind turbines are interrelated via the rotor response� It has been shown that an increase in turbine power output as wind turbines have grown in size is indeed correlated with a decrease in turbine reliability [5] � A doubling of the rated power of a turbine from 500 kW or less to more than 1,000 kW has doubled the annual rate of reliability incidents� Additionally, the rated power of most utility-scale wind turbines places these machines into the reliability incident-prone category� This failure rate is partly the result of new designs for larger turbines due to the high demand for wind energy� Turbines at a rated power <500 kW have existed for 20 years or more and have experienced multiple design iterations to mature the technology� Wind turbine blades account for approximately 7% of unforeseen malfunctions or failure, according to Hahn et al� [6] � While this percentage is not particularly high compared other subsystems like the gearbox and bearings, turbine blades account for 15%-20% of the total turbine cost� Blade damage is also the most expensive damage to repair and has the longest repair time [7] � Additionally, blade failure leads to secondary component damage in the entire system if prompt repair action is not taken, resulting in greater monetary losses [8] � Blades can become damaged in various ways due to their complex geometry and materials� Turbine blades are generally fibre-reinforced composites with the majority of wind turbine blades being made of glass fibre/epoxy, glass fibre/polyester, wood/epoxy or carbon fibre/epoxy composites [9] � Gearboxes account for approximately 4% of failures according to Hahn et al� [6] � It is believed that most gearbox failures do not begin as gear failures or geartooth design deficiencies� The observed failures appear to initiate at several specific bearing locations under certain applications, which may later advance into the gear teeth as bearing debris and excess clearances cause surface wear and misalignments [10] � More than 15% of these failures take place in the first five years [11] � These failures occur in spite of the fact that most gearboxes have been designed and developed using the best bearing-design practices available [10] � It is speculated that the primary source of gearbox failure is due to the large bending moments applied at the low-speed shaft from the rotor hub� These loads are produced by the complex rotor dynamics, which are a consequence of wind loading intensity and variability [12] � Another reliability concern for wind turbine rotor blades is blade ice accretion� As the number of wind turbines installed in cold weather climates or regions with cold and wet winters increases, blade ice accretion becomes a major reliability concern [13] � Winter often brings the most favourable wind conditions, but downtime due to blade icing or related damage due to blade icing must be avoided� Without effective ice detection and removal, wind turbines can suffer power reductions as high as 30% per year [14] � In addition to the economic loss, an example of related damage due to blade icing includes increased wind loading experienced by the rotor blade due to a decrease in aerodynamic performance and a rotor imbalance that can severely affect the drive train by means of undesirable torsional loads [13] � An equally important concern of ice accretion is ice throw� As ice accumulates on the rotor blade in operation, shear and centrifugal forces act on the amassed ice, eventually leading to ice throw� It is most critical to detect ice accretion when the turbine is operating in an idle-speed condition� Here, the aerodynamic and centrifugal forces are small, as the rotational speed of the turbine is near zero� This permits the leading edge of the rotor blade to accumulate more ice at the stagnation point of the airfoil� When wind conditions become favourable for power production the rotational speed increases, the angle of attack changes and large masses of ice are shed [14] � According to Cattin et al� (2009), ice throw fragments up to 16 in� in length and weighing up to two pounds have been recorded over 300 feet from the nearest wind turbine� Ice throw of this magnitude can pose a risk to civil structures and human life�
To improve the longevity of wind turbines, the sources of reliability shortcomings must be identified� It has been shown that variations in the rotor speed are one of the foremost causes of drive train failure [15] � One of the many sources of these cyclic torsional perturbations is the once per revolution (1 rot 
Literature review: damage detection methods in rotor blades
Damage detection methods have been applied to wind turbines in offline testing to detect damage of the types mentioned in the previous section� For example, acoustic emission sensors have been used to detect the initiation and propagation of cracks in blades, but the effectiveness of this method requires that the sensor location be relatively close to the damage location [17] � Fibre Bragg grating (FBG) strain gauges have been installed along the entire span of rotor blades to detect cracks� FBGs are immune to electromagnetic interference, and are lightweight; however, they lack the durability of other packaged sensor devices [18] � Digital image correlation (DIC) techniques have been used to determine real-time blade displacement and the global structural integrity by comparing operational video frames with a baseline image [19] � However, these systems are expensive and one system can only monitor a single turbine� Capacitive accelerometers have also been implemented on utility-scale wind turbines to measure the dynamic response of the blades [12] � The ability to measure both static and dynamic acceleration was shown to provide a means for estimating the deflection of the blade as well as the variations in wind loads acting upon the blade� Modal impact testing of blades is commonly used to estimate the modal frequencies and modal deflection shapes in non-rotating blades [20] [21] [22] � Many other researchers have focused on using vibration response measurements from wind turbine rotor blades for the purpose of detecting and monitoring the growth of damage in the blades� For example, various algorithms for detecting damage in wind turbine blades were tested by measuring and processing data using piezoceramic sensor patches [22, 23] � However, the effects of operational loading on damage detection were not analysed in these studies� There are currently no standard solutions on the market for reliable ice detection that can be used as a control input for the turbine's supervisory system� Some measures to prevent icing have been successfully used and deicing methods are in development� However, not all methods operate continuously and there is a need for reliable ice detection to facilitate the activation of the deicing system [24] � Various sensors have been tested but have not performed satisfactorily� Homola et al� [24] reviewed 29 methods of ice detection that included direct and indirect methods� The study concluded that only four methods were suitable for ice detection, but with limitations: (1) infrared spectroscopy is limited to monitoring one section of the blade and requires the installation of fibre optic cables in the blade; (2) a flexible resonating diaphragm was shown to be effective but requires installation at multiple points inside the blade; (3) ultrasound has been proven effective at detecting ice on aircraft but has not been implemented in wind turbine blades and is not well suited for retro-fitting and (4) a change in capacitance was also measured using wires mounted in the surface of the blade�
Summary of literature review
Overall, the predictive maintenance of rotor blades and other turbine subsystems can significantly reduce the cost of wind farm maintenance by as much as 50% when compared with the current reactive maintenances approach [25] � This chapter examines the use of dynamic-based sensing within wind turbine rotor blades to facilitate both better maintenance and better control decision-making strategies� The ability to continuously monitor blades during operation has benefits both in terms of the wind farm power output (by identifying changes in the control set points to maximise energy capture) and blade health (by identifying damage that can be repaired early or blade damage that will necessitate blade replacement to avoid the loss of other turbine subsystems)� The detection of damage in operational blades is a form of condition monitoring� Operational modal analysis (OMA), which is described in Section 4�2, is one method for acquiring and processing data from the blade to estimate dynamic properties for use in damage detection and control� Figure 2 illustrates the dynamics-based approach that is described and applied in the remainder of this chapter�
Experimental Hawt Test Apparatus

Test equipment
The operational data analysed in this chapter was acquired using the small-scale horizontal axis wind turbine test apparatus that is described in this section� The test apparatus is comprised of the test-bed enclosure and the instrumentation contained within the test-bed� Table 1 lists the major test equipment components and corresponding specifications� Components from this list are referred to by their component name throughout this section� The centrepiece of the test apparatus is a Whisper 100™ 2�1-m rotor diameter wind turbine, which is manufactured by Southwest Windpower ® � This small-scale wind energy converter is assumed to be analogous to a utility-scale wind turbine because both the small-scale and utility-scale turbines use the same physics to convert the kinetic energy of the wind into electricity� To observe the structural dynamics of the rotor, tri-axial Silicon Designs ® 2460-050 DC biased accelerometers were mounted in several key locations� Each turbine blade had one of these transducers attached to the low pressure blade using LOCTITE™ 454 industrial instant adhesive at a distance of 14 in� from the blade tip� A non-mechanical means of attaching the sensor, as opposed to a fastener that would have required the blade to be machined, was used to preserve the structural behaviour and integrity of the relatively thin blade� Figure 3 highlights the locations of all sensors and transducers on the wind turbine� Another DC tri-axial accelerometer (PCB ® 3713B1150G) was mounted on the nacelle of the wind turbine� This accelerometer was used to observe the forced response of the turbine outside the rotor blades in a non-rotating reference frame� A cup anemometer was used to collect operational wind speeds during testing� The wind speed transducer was mounted on the nacelle of the turbine behind the rotor� This placement was not ideal for measuring wind speed, but did allow for repeatable measurements and does not interrupt the inflow to the rotor disk� To accurately measure the rotational speed of the wind turbine, an optical tachometer was mounted to the side of the nacelle� Reflective tape was applied to each blade at the rotor hub for use with the tachometer� In addition to the sensors mentioned above, the voltage output of the turbine was also collected from the Whisper Power Controller� This controller rectifies three-phase AC power from the turbine generator to a DC voltage output�
To transmit the DC accelerometer signals from the rotor blades, a slip ring was customised to fit inside a hollow portion of the turbine nacelle, which housed the rotor shaft� Fig� 4 illustrates the rotor shaft and bearing assembly that were attached to the slip ring via a flexible coupling� The slip ring was rigidly fastened to an aluminium collar inside the nacelle� The coupling union was made of neoprene, which offered shock and vibration damping from the heavy rotor shaft to help extend the life of the slip ring� The slip ring enabled 12 channels to be powered and transmitted from the rotating to the non-rotating reference frame: 9 channels were used for the DC tri-axial accelerometers (3 channels for accelerometer per blade) and 1 channel was used for common DC voltage to power the DC tri-axial accelerometers�
Pitch and yaw control features
The test apparatus was used to set the yaw and pitch to any desired angle� The yaw set point was adjusted by loosening a pair of gear clamps on the turbine tower and then pivoting the nacelle about the yaw axis to the desired degree marker on the yaw joint� The mechanism for setting these angles is pictured in Fig� 5� Once the desired yaw angle was reached, the gear clamps were tightened to hold the yaw position� Yawed flow was tested in this manner� When the yaw degree mark was set to zero, the wind turbine rotor disk was perpendicular to the incoming wind flow resulting in no yaw error� When the turbine's yaw position was adjusted to any degree mark greater than or less than 0°, the turbine experienced the effects of yaw error� Similarly, the pitch angle of each rotor blade was adjusted by loosening the mounting bolts at the plate interface of the pitch fixture located near the rotor hub and then turning the blade about the pitch axis to the desired angle� Figure 6 shows the installed pitch fixture and a detailed view of the bolted plate interface with degree marks� The pitch fixture was an aluminium bolt-on attachment that was designed to fit the wind turbine� Positive pitch angles were achieved when the leading edge of the blade was turned towards the wind inflow thereby increasing the angle of attack and decreasing the aerodynamic efficiency of the blade� A zero degree pitch angle indicates no pitch error�
Test-bed enclosure
The test-bed enclosure is pictured in Fig� 7 from the front-side� The Whisper 100 turbine is located inside the enclosure� The test-bed was built on a framework of I-beams (pictured in Fig� 7)� The overall footprint of the test bed was approximately 15 × 9�5 ft� The rectangular steel I-beam frame was mounted on four heavy-duty spring hinge casters at each corner to allow the test-bed to be mobile� A floor jack was mounted next to each caster to support the test-bed weight during operational testing� To make the turbine accessible to the user, a plywood floor was installed� A 9 × 9 ft polycarbonate honeycomb core by Hexcel ® with ¼ in� cell size (left side of Fig� 7) was installed at the inlet of the test chamber� The stabiliser core served two functions: (1) develop directional flow down the test chamber and (2) create a quasi-laminar flow state� This core created a nearly uniform airflow over the entire rotor disk that was free of transients due to gusting or lateral velocity components� More discussion of the wind inflow characteristics is included in Section 2�4�2� Airflow was generated at the opposite end of the test frame using four 7�5 hp belt-driven, axial fans (with 48 in blade diameter) that were each capable of moving 30,000 cubic feet of air per minute� The capacity of the fans was sufficient to generate wind speeds within the operating standards of the wind turbine (4-15 mph)� To maintain safety, the exit of each fan was guarded with a heavy gauge sheet metal shroud that was covered with wire mesh to allow for uninterrupted exit flow� The airflow rate was controlled by adjusting the rotational speed of the four fans using a Schneider Electric ® Square D ® E-Flex™ adjustable speed drive controller that was connected to three-phase 440 V� The motor controller allowed for precise control of the fan speed by 0�1 Hz increments from 0 to 60 Hz (3,600 rpm)� To contain generated airflow and to maintain safe operation, an enclosure was fabricated from 2 in� 80/20 ® Inc� and ¼ in� clear polycarbonate panels�
Data acquisition hardware and methodology
Operational data were acquired using a National Instruments™ cDAQ-9172 chassis with multiple input modules inserted in the chassis� Three of the four NI 9234 input modules were used to acquire the 12 channels of acceleration data� The fourth NI 9234 input module was used to collect the signal from the optical tachometer� The NI 9215 input module was used to acquire the cup anemometer signal from the digital readout and the voltage output signal of the wind turbine from the power controller� Figure 8 shows the DAQ with input modules, DC power supplies and anemometer digital readout� The benefit of DC coupled accelerometers, and the reason they were chosen over AC coupled accelerometers, is demonstrated in the differences between the blade responses that are plotted in Fig� 9� The DC-coupled sensor provided accurate readings of both the quasi-static (<5 Hz) and dynamic acceleration components of the blade at the sensor attachment location [20] � In Fig� 9, the accelerometer data are plotted in units of g's (1 g = 9�81 m/s 2 )� The largest DC offset (signal mean) is observed in the span (x) direction due to the centripetal acceleration along the radial axis� Three contiguous one revolution samples are representative of the data segment lengths that were used in the synchronous averaging procedure�
Wind shear characterisation
To characterise how the rotor forced response of the turbine changed due to yaw and pitch set-point errors and how these changes affected the sensitivity of blade measurements to damage mechanisms, it was important to quantify the forcing function acting on the rotor disk� To do this, wind speed measurements were taken at the inlet of the test-bed enclosure to quantify the wind profile for horizontal and vertical wind shear as well as a uniform wind condition� A 10 × 10 matrix of wind speeds totalling 100 discrete wind speed data points were sampled using the cup anemometer placed 6 in� from the honeycomb� The data were linearly interpolated between the sampled points and a colour bar was added to better highlight the variation in wind speed� The resulting profile for a non-shear wind condition is plotted in Fig� 10� The transparent disk when overlaid on the velocity contour map represents the area of the rotor disk during operation and the arrow indicates the direction of rotation� To create a vertical and horizontal wind shear condition, screening material was used to shape the wind inflow at the inlet of the test chamber� For the horizontal (side) shear condition, the screening material was used to restrict airflow on the right side enclosure inlet and create a horizontal gradient in wind speed� For the vertical wind shear condition, the screening material was used to restrict airflow on the lower half of the enclosure inlet and create a vertical gradient in wind speed� The resulting wind speed contours for the negative side shear condition and vertical shear condition are plotted in Fig� 11� 
Operational testing procedures
A total of 189 tests were conducted, as outlined in Table 2� In each test, the fan speed was held constant at 35 Hz or 2,100 rpm to generate wind speeds of approximately 7 mph� The test duration was 10 min and began when the rotor had reached its steady-state rotational speed� The test data were later segmented into an ensemble of ten, 1-min duration consecutive data sets to allow for the application of statistical analysis, as outlined in Section 4�5� Damage conditions 1, 2 and 3 in Table 2 correspond to no damage, blade ice accretion and a blade root crack, respectively� The damage conditions were tested through a range of yaw error angles, pitch error angles and wind states to determine how the blade dynamic response changes due to both variations in the wind state and damage to the rotor� Note that for pitch error testing, only a single blade was pitched away from 0°, representing the case in which (a) a blade was bolted on in the incorrect position during installation or (b) a single blade has developed hysteresis in its pitch drive components or backlash in its pitch position sensors� This blade was the same blade that was damaged during those tests� The pristine, or undamaged, turbine test data served not only as a baseline reference when applying damage detection algorithms but was also used to estimate yaw and pitch errors based on the analysis of the blade acceleration measurements� To simulate ice accretion, thin gauge sheet metal was cut to match the shape of blade profile and then fixed to the leading edge and high-pressure side of each blade with masking tape� This added material was meant to disrupt the aerodynamic performance of the airfoil as well as to add distributed mass to the blades� The added mass was designed to be 1/20th of the blade mass, which was an amount determined using the dimensions of a Vestas AL40 wind turbine blade and the density of ice to mimic a realistic icing event� However, icing events arise from many complex meteorological events that result in a wide variety of ice formations� The simulated ice accretion in this case does not emulate the surface roughness of ice nor the changes in ice accumulation during operation� A blade root crack was simulated by inserting rubber grommets between the joining plates of the pitch adjustment fixture, thereby decreasing the stiffness in the joint, especially in the flap direction� Figure 12 shows the grommets and the resulting gap between the pitch adjustment plates; this gap was measured each time the pitch was varied during testing to ensure that the stiffness was constant for each pitch angle� 
Introduction
Wind turbine rotor blade modes of vibration are excited by wind loads to a greater or lesser degree depending on both the frequency of wind loading and the spatial distribution of that loading� The first step taken to identify changes in the operating state of the wind turbine rotor was to characterise the free dynamic response of the three-bladed rotor system� Knowledge of the free response of the rotor is critical when attempting to monitor the health of the blades because the operational response is a convolution of the blade free response characteristics and the blade forcing function� The mode shapes and resonant frequencies of the rotor dictate the modes of vibration that will be most sensitive to changes in the turbine's operating state (i�e� changes in wind state and/or changes in yaw and pitch set point) and blade damage condition�
Experimental approach for modal testing
To identify the free response characteristics of the wind turbine rotor system, a modal impact test was performed� A multi-reference modal impact test was conducted using three measurement degrees of freedom (DOF) that were local to each rotor blade's coordinate system� The measurement degrees of freedom are denoted as follows: X: span, Y: lead-lag and Z: flap (flap is measured perpendicular to the blade surface)� Figure 13 illustrates the local degrees of freedom of a rotor blade� In total, there were nine reference channels of data, which were acquired using an Agilent E8401A VXI mainframe that was paired with an E1432A module, which sampled at 51�2 kHz� These nine channels consisted of the three DC tri-axial accelerometers as described in Section 2�1� A PCB Piezotronics modally tuned hammer (model 086C01, nominal sensitivity 50 mV/lbf) was used to apply and measure the impulsive forces in the direction perpendicular to the blade at each point that is indicated in Fig� 13 (labelled 'Impact Locations')� The modal test grid consisted of 27 impact points that followed the geometry of the blade� This impact grid offered sufficient spatial resolution to clearly identify and distinguish mode shapes� A threshold force window was applied to the force time history to minimise the noise on the force data outside the applied force pulse� After applying five modal impacts at each location and measuring both the impact force and response time histories corresponding to these impacts, the single-input, multiple-output frequency response functions (FRFs) were estimated for the five averages using the H1 algorithm to minimise the effects of noise on the response measurements [26] � Ordinary coherence functions were also estimated to determine the quality of fit of the FRF models�
Experimental results from modal impact testing
The multiple-input, multiple-output FRF data were analysed using the Complex Mode Indicator Function, or CMIF [27] � The CMIF is mathematically www.witpress.com, ISSN 1755-8336 (on-line) well suited to identify closely spaced modal frequencies by using the singular value decomposition of the normal matrix that was produced using the matrix of FRF data� However, a detailed explanation of the modal and mathematical theory is beyond the scope of this chapter� The results of this computation are illustrated in Fig� 14� The top three spectral lines of this plot were used to identify degenerate modes of vibration with repeated roots and pseudo-repeated roots� At frequencies shared by these three spectral lines, multiple roots are said to exist� One of the more dominant modes was identified at 8�59 Hz for which there were three roots corresponding to this single mode of vibration; consequently, there were three modal deflection shapes associated with this mode of vibration� Table 3 provides a summary of the damped natural frequencies represented by each peak and multiple peaks found in the CMIF plot� The mode shape descriptions were developed by observing the animated mode shapes that are described in the next section� The mode at 8�59 Hz is a pure first bending mode with a large magnitude of response as seen in Fig� 14� 
Modal deflection shapes of wind turbine rotor blades
To better categorise the free response behaviour, the mode shapes were animated and the behaviour of each mode shape was observed� The descriptions provided 1st bending -asymmetric bending w/ one blade in 1st bending and other blades bending w/ hub rocking 7�81 (2 roots) 1st bending -all roots w/ asymmetric blade motion w/ different phase on each root, slight rocking of hub 8�59 (3 roots) 1st bending -asymmetric bending, no rocking of hub� Two blades bend in phase and the third blade is out of phase 13�67 1st bending -asymmetric bending + slight blade torsion w/ hub motion in and out of rotor plane in phase with bend 18�75 (3 roots) 1st bending -asymmetric bending w/ hub rocking� Two blades bend in phase and the third blade is out of phase 20�31 1st bending -pseudo repeated root of 18�75 Hz 22�27 (2 roots) 1st bending -asymmetric bending w/hub motion in and out of rotor plane 24�61 1st bending -asymmetric bending w/blade torsion in Table 3 are based on the animation� Figure 15 shows the three modal deflection shapes associated with the damped natural frequency near 8�6 Hz (3 roots)� These deflection shapes illustrate the phase difference between blades in the modal deflections for the case of a repeated root� Figure 15 first bending with two blades bending in phase and the third blade bending out of phase� It is believed that this mode of vibration and its associated deflection patterns are related to the asymmetric loading that is experienced during operation such as during horizontal or vertical wind shear inflow conditions� Figure 15 (c) exhibits symmetric bending in which all three blades move in phase� This mode shape is often called an umbrella mode�
Data Analysis Approaches
Cyclic averaging
Accelerometer measurement data will contain some level of random noise� To improve the accuracy with which the time and frequency data can be analysed, time-synchronous averaging is applied� Blocks of time-sampled data are synchronised using the optical tachometer pulses so that they each begin at the same angular position of the rotor to eliminate the randomness associated with the differences in phase of the blocks of data that are averaged� Components of the signal that are synchronised with the trigger, which is the optical tachometer pulse in this case, are retained, while random noise is averaged out� A block size of three rotations of the rotor is used throughout this analysis so that the averaged time history is long enough to achieve sufficient frequency resolution, which is equal to the inverse of the time history length� 
Operational modal analysis (OMA)
The velocity field on the wind plane at the inlet to the rotor disk is experimentally measured as described in Section 2�4�2 for each wind shear condition, but the force distribution along the blades is unknown� To generate FRFs from the accelerometer data that is acquired from the rotor blades, OMA is applied� The two primary assumptions in OMA are: (1) the power spectrum of the input force is broadband and smooth, that is, has no poles or zeroes in the frequency range of interest, and (2) the forcing function is spatially distributed in a uniform manner [28] � Assumption (1) is not particularly applicable to wind-excited structures because the power spectrum of wind is generally dominated by low-frequency components [2] � In general, rotating machinery is self-excited at harmonics of the operating speed [29] , and these harmonics are clearly evident in the OMA FRFs that are measured from the turbine being tested in this chapter� Assumption (2) is reasonable for a rotating wind turbine, and the measured wind planes in Figs� 10 and 11 demonstrate the spatial uniformity of the wind speed across the rotor disk inlet� The OMA procedure consists of first computing the autocorrelation of the synchronously averaged time response for each channel of data� The result is twosided, containing a positive exponential portion corresponding to the negative poles of the power spectrum, and a decaying exponential portion corresponding to the positive poles [28] � Since both parts of the autocorrelation contain the same information, the positive exponential part is set to zero, essentially zero-padding the time signal� The resulting function is treated as an impulse response function, the discrete Fourier transform of which is the OMA FRF� In dynamic systems, the impulse response and FRFs are related through the Fourier transform in this manner� Figure 16 schematically describes the OMA process� The discrete Fourier transform is carried out in the order domain, which measures frequency relative to the rotational position rather than absolute time (rotations -1 rather than seconds
)� This order domain approach is convenient for analysing the dynamics of rotating machinery for two reasons: (1) as stated previously, these systems are typically self-excited at harmonics of the rotational frequency and (2) variation of the independent parameters throughout testing, such as yaw and pitch error, affects the rotational speed of the rotor; therefore, analysis in the order domain allows for comparisons to be easily made between these unequalspeed data sets�
Feature extraction
In each experiment conducted, a feature with variable name x is extracted from the processed data to indicate a change in the parameter being studied� In practice, such features are calculated from raw data and then used by the operator to implement control or maintenance decisions� The features that are utilised in this chapter are described in the following subsections�
Yaw error
Due to fluctuations in aerodynamic loading, yaw error is most prevalent in accelerometer data at a once-per-revolution frequency: 1 rot -1 in the order domain [30] � The result of integrating the OMA FRF from 0�5 to 1�5 rot -1 has been shown to be an indicator of yaw error, even in the presence of horizontal and vertical wind shear [30] � The yaw error data throughout this chapter are analysed using the following procedure:
1� The OMA FRF is calculated for each measurement channel including the flap, lead-lag and span directions on each blade� 2� The OMA FRFs of blade DOF groups (i�e� the flap, lead-lag and span groups) are averaged, resulting in one OMA FRF for each direction associated with the three-blade degrees of freedom� 3� Each of the averaged OMA FRFs is integrated from 0�5 to 1�5 rot -1 � 4� The integration results, one for each DOF, are the feature values, x�
Pitch error
Recall that only a single blade underwent pitch error during testing� The blade flap responses couple with the fore-aft acceleration response of the nacelle, and that coupling varies depending on the pitch angle of each blade� To calculate the feature value for pitch error, the following procedure is used:
1� The cross-power spectrum is calculated between each blade's de-meaned, timesynchronously averaged flap acceleration response and the fore-aft acceleration response measured on the nacelle housing� The discrete Fourier transform is performed in the order domain� 2� The peak in each cross-power spectrum magnitude closest to 1 rot -1 is found� 3� The pitched blade has a higher magnitude of response in the cross-power spectrum at 1 rot -1 than the other two blades� The feature is the sum of the difference of the peak value in the pitched blade's cross-power spectrum at 1 rot -1 with the other two blades' peak values, normalised by the sum of the nonpitched blade's peak response� This normalisation accounts for relative magnitude differences due to reduced rotor speed in the high pitch-angle tests� Mathematically, the feature value, x, is:
where p 3 is the peak in pitched blade's cross-power spectrum magnitude at 1 rot -1 , p 1 the peak in non-pitched blade one's cross-power spectrum magnitude at 1 rot -1 , p 2 the peak in non-pitched blade two's cross-power spectrum magnitude at 1 rot -1 �
Blade damage detection
For damage detection, the time-synchronously averaged operational response data are analysed in the frequency domain� The averaged linear spectra are calculated using the discrete Fourier transform� Figure 17 (a) shows an example of the linear spectra magnitude for the case of blade ice accretion and undamaged blades� Many of the peaks in the linear spectra occur at frequencies that correspond to the modes of vibration listed in Table 1� The information gleaned in the modal analysis of the rotor blades helps develop an understanding of which modes are excited during operation� Mode shape analysis is used to identify frequencies in the operational data that correspond to asymmetric bending modes such as modes at 3�1 and 8�6 Hz, but any frequency with a known mode of interest can be evaluated� Trends in the dynamic response at these frequencies can be exploited to reveal a change in the rotor blade condition and how the ability to observe that condition varies with yaw angle� To evaluate these trends, the mode (frequency) of interest selected in the processed operating frequency spectra and the maximum value of the magnitude of the DC acceleration is recorded for a single DOF for each blade within the frequency band� This procedure is carried out for each minute of the 10-min data set and the 10 values are averaged to provide one value for each blade at each yaw angle� The figures below illustrate the frequency banding process, where the frequency of interest is 3�1 Hz� The linear spectra are then bound from 2 to 4 Hz and the maximum acceleration value is found for each blade on this interval�
The magnitude of the acceleration for each blade is used to compare the change in response due to a damage condition and a yaw angle in various wind regimes� In the case of blade root damage, the responses of the blades are compared by finding the difference in response between blade pairs� In this study, Blade 3 is made to experience a reduction in stiffness at the root boundary condition� The reduction in stiffness should cause a change in operational response of this blade and is measured against the healthy blades; Blades 1 and 2� For this damage case, the www.witpress.com, ISSN 1755-8336 (on-line) difference in response between Blades 1 and 3 should, therefore, be greater than the difference between Blades 1 and 2�
For the case of ice accretion, the magnitude of acceleration is again used to track changes in operating response of each blade at a particular frequency of interest� Here, the magnitude of the response when ice is present on the rotor blades is compared with the magnitude of the response for un-iced blades by calculating the percent error between the historical baseline response and the iced blade response� 
Statistical modelling
Ten 1-min duration tests are conducted for each test scenario, allowing for the calculation of 10 feature values for each test condition� Each test condition is defined in terms of the corresponding yaw or pitch error, blade damage/condition and wind shear profile� Statistical analysis is applied using hypothesis testing to determine how variations in the wind load affect the sensitivity to yaw or pitch error and the sensitivity to rotor damage/condition� The feature, x, is normalised to obtain its standard score according to
where μ and σ are the estimated mean and standard deviation of x, respectively� The standard score is how many standard deviations x is above or below its mean� Because eqn (3) is normalised by σ, changes in x are more readily detected when the feature has little variance for a given operating condition� If x is assumed to be equal to m s ± 3 , then the level of change in x from the mean value corresponds to a 99% confidence interval, that is, the analyst is 99% certain that the feature has undergone a biased change even in the presence of natural variations in x [1]� When this value of x is substituted into eqn (1) and then normalised, the following result is obtained:
expressing how much of a shift in x is required to detect a statistically significant change in the feature mean with 99% confidence� For example, if x in the flap direction for yaw error exhibits a σ/μ of 0�02, then a 6% change in x (3*0�02) is required to achieve 99% confidence that a change due to yaw error has occurred� Therefore, the result of eqn (2) represents a measurement of the sensitivity of x: if it is small, then the sensitivity is high, and that is desirable in terms of condition monitoring because it means that, even amidst variations in wind loading and other factors, a small change in x indicates a significant change in the feature�
Experimental Results and Discussion
Yaw error detection
The yaw error feature is calculated in each of the blade degrees of freedom for the three different wind conditions, as described in Section 4�4�1� These feature values are first plotted versus the yaw error angle to produce one curve for each wind condition and rotor blade measurement DOF in Figs� 18-20� Each of these figures has an accompanying sensitivity curve, which is a plot of the percent change in the feature that is required to detect yaw error with 99% confidence, which is www.witpress.com, ISSN 1755-8336 (on-line) Figure 18 : Normalised yaw feature and power vs� yaw error angle for flap DOF� Figure 19 : Normalised yaw feature and power vs� yaw error angle for lead-lag DOF� equivalent to 3σx/μx, as calculated in Section 4�4� A low value on these curves indicates a high sensitivity of the feature at that particular yaw error and wind plane shear condition� For instance, in Fig� 21 , the value on the vertical shear sensitivity curve at +10° yaw error is 5%, while the value on the no-shear sensitivity curve is 15%� Thus, it can be said that under a vertically sheared wind profile, only a 5% change in the feature, x, from its mean value is required to detect a yaw error of +10°, but under a uniform wind velocity distribution, a 15% change in the mean value of the feature is required to detect the same +10° yaw error�
Yaw error feature: flap DOF
Several important findings in the presence of yaw error can be extracted from the plots of the flap measurement DOF response and sensitivity seen in Figs�18 and 21� First, as expected, the power extracted from the wind in the test cases involving wind shear is lower than the corresponding case involving no wind shear (refer to Fig� 18)� Generator power is also reduced due to yaw error� Secondly, Fig� 18 shows that the feature is symmetric about 0° yaw error for the uniform (no-shear) wind condition, whereas the vertical and horizontal wind shears produce asymmetric curves� Asymmetry can be helpful from a controls standpoint because each yaw error can then be associated with a unique feature value� For instance, if the wind turbine is in a uniform flow and the normalised flap response feature value is 0�5, the yaw error could be either +5° or 10°� If, however, the wind profile is characterised by vertical shear, that same normalised feature value of 0�5 would indicate approximately a +8° yaw error� Thirdly, it is observed that wind shear does not hinder but rather enhances the ability to detect yaw error� This increase in sensitivity in the presence of wind shear is clearly evident in Fig� 21 because the wind shear curves are much smaller in magnitude and, therefore, much larger in sensitivity as explained previously� The reason why wind shear does not interfere with the feature calculation is that it tends to affect the 3 rot -1 blade dynamics [30] ; therefore, it does not affect the integration of the OMA FRF over the 0�5-1�5 rot -1 range� Fourthly, under horizontal wind shear the sensitivity decreases (the % change in x required to detect a change in the feature value with 99% confidence increases) as the turbine is yawed into the side of the inlet plane with higher velocity wind (positive yaw error)� Horizontal wind shear can be particularly prevalent in wind farms due to the presence of wake flows from upstream turbine rotors, which produce velocity deficits on downstream turbine rotors� Figure 19 shows that in the lead-lag DOF, the feature is nearly symmetric about 0° yaw error, regardless of wind shear condition� Furthermore, Fig� 22 indicates that the feature sensitivity is two orders of magnitude higher in the lead-lag direction than in the flap direction of Fig� 21, likely because the blade undergoes only relatively small deflection in the stiffer lead-lag direction, and thus experiences less variation due to factors other than yaw error� Therefore, not only is the standard deviation of the lead-lag measurements lower, but also a higher proportion of the variation in this direction is due to yaw error compared with the flap direction� 
Yaw error feature: lead-lag DOF
Yaw error feature: span DOF
The span DOF exhibits similar feature curves as the lead-lag DOF in the vertical and horizontal shear conditions, but the uniform flow condition produces a nearly-flat feature curve between ±20°, which is not desirable because it means that a wide range of yaw errors can have nearly the same feature value� Furthermore, while the feature curves are similar for the vertical and horizontal shear cases, Fig� 23 shows that the feature for span is more sensitive in vertical shear, especially for larger yaw errors�
Pitch error detection
The method described in Section 4�4�2 was effective at detecting pitch error in the cases of uniform and vertical wind shear conditions, as shown in Fig� 24� Interestingly, the two feature curves are nearly identical, which can be beneficial in terms of control because the method will work consistently regardless of whether there is uniform or vertically sheared wind flow� Under the horizontal wind shear condition, the trend followed closely for pitch errors of 15° or higher, but was not as reliable for pitch errors of 0° and 5°, at which the feature value became negative� One possible explanation for this different behaviour in horizontal wind shear is that due to the severe wind profile that was used, the cross-power spectra at the smaller pitch angles were dominated by the 3 rot -1 frequency component, so the blade-to-blade differences in the dynamics at 1/rot -1 were not as pronounced� Note that the other blade DOFs, lead-lag and span, did not exhibit any significant trends in their cross power spectra with any of the nacelle DOFs and therefore were not effective in pitch error detection using this method�
The sensitivity of the pitch feature was very low for 0° and 5°, especially in the vertical and horizontal wind shear cases (see Fig� 25) , meaning that a large change in the mean value of the feature is required to detect low pitch errors� This occurred because for low pitch errors, the low mean value of the feature, which is near zero at zero pitch error, is on the order of the standard deviation� Figure 26 shows that the sensitivity of this measurement above 10 degrees pitch error is fairly high�
Ice accretion detection
By using the approach outlined in Section 4�4�3, the change in response due to blade ice accretion was readily identified� The frequency of most interest for damage detection was found to be 3�1 Hz; therefore, all damage results correspond to the change in the magnitude of acceleration in the 2-4 Hz frequency band of the linear spectra� In the order domain, this frequency corresponds to 1 rot -1 response of the turbine rotor-dynamics� Additionally, the lead-lag DOF revealed the greatest sensitivity to changes in the rotor-dynamics due to ice accretion� Figure 27 shows the percent change in the magnitude of response in the edge-wise (lead-lag) direction for each blade plotted vs� yaw angle� This plot reveals that ice accretion causes an increase in the edge-wise response in the case of uniform wind flow for all yaw angles� The response of Blade 3 is slightly higher but the overall change in response of each blade is appreciable� For low yaw angles, the response of each blade has increased by approximately 15% to 18%� As yaw error increases the percent change in response magnitude for each blade decreases, making the ability to detect ice accretion in the presence of severe yaw error more challenging� A similar trend is observed when operating in vertical shear flow� Figure 28 illustrates that simulated ice accretion causes the edge-wise response to increase significantly for all three blades� This figure also reveals a large measure of symmetry about 0° yaw position� Similarly, the same increase in response is observed when operating in horizontal shear flow, as illustrated in Fig� 29� These results suggest that the damage condition can be identified regardless of the wind profile� This result is important for the application of utility-scale wind turbines where vertical and horizontal wind shear conditions can be prominent in wind farms�
Detection of ice accretion in the presence of yaw error
Detection of ice accretion in the presence of pitch error
For the case of pitch error, similar results and trends observed in yaw error were revealed� Figure 30 shows the percent change in the magnitude of response in the edge-wise (lead-lag) direction for each blade plotted vs� pitch angle� This plot reveals that ice accretion causes a significant increase in the edge-wise response of each blade across all yaw angles in the case of uniform wind flow� The response of Blade 2 is slightly lower than Blades 1 and 3; however, the overall percent change in the response of each blade exceeded 35% at low pitch angles from 0° to 5°� As pitch error increases the percent change in response magnitude for each blade decreases� For 35° pitch error, the percent change in the magnitude of response for all blades coalesces near 26%� This is a desirable result that suggested ice plotted vs� pitch angle when operating in vertical shear and horizontal shear, respectively� Again, the overall percent change in the response of each blade exceeded 35% at low pitch angles from 0° to 5° and for increasing pitch error the percent change in the magnitude of response of all blades coalesce near 26%� As with detection of ice accretion in the presence of yaw error, these results suggest that the damage condition can be identified regardless of the wind profile or pitch error� 
Damage detection
In the case of blade root damage, the method outlined in Section 4�4�3 was applied and revealed that the flap DOF near 7 Hz emphasised the change in response due to the damage condition� In the order domain, this frequency corresponds to 2 rot -1 dynamics of the turbine� Recalling Fig� 11, the rotor experiences a 2 rot -1 oscillation in wind speed as it moves through one full rotation� At this rotational frequency, the reduced stiffness in the root of the blade is most sensitive to the 2 rot -1 fluctuations in the flap DOF; therefore, all damage results correspond to the change in the magnitude of acceleration between blades at this order� Figure 33 shows the change in blade-to-blade response ratio for varying yaw error when operating in a uniform wind flow� The damaged blade (Blade 3) causes the blue and green curves to exhibit the largest changes, whereas there is negligible change near zero yaw error for the undamaged blade-to-blade response ratio (red curve)� The undamaged blade-to-blade response ratio exhibits symmetry about zero yaw with a slight increase in response due to the change in yaw position near 10° and 15°� Figure 34 shows a similar trend for the blade-to-blade response ratio when operating under vertical wind shear� In this wind regime the 2 rot -1 dynamics are more pronounced due to the shear profile� Again, the blue and green curves exhibit the largest changes whereas there is negligible change for the undamaged blade-to-blade response ratio (red curve)� Similar traits are observed in Fig� 35 for a turbine operating under horizontal wind shear� However, the curves now increase for negative yaw error, and the undamaged blade-to-blade response (red curve) has lost the symmetry about zero yaw, but does maintain an appreciably smaller magnitude when compared with the blade-to-blade response ratio with damage present� Recalling Fig� 11, at negative yaw error for horizontal wind shear the rotor plane is oriented in an increased wind flow and therefore experiences an increase in response for negative yaw error� The increased blade-to-blade response ratio for negative yaw error is an artefact of the horizontal wind shear and yaw position combined� Regardless, the blade-to-blade response ratio method identifies root damage in the presence of yaw error� The advantage of this method is that no historical baseline response data are needed to make these comparisons to determine if damage is present�
Root damage detection in the presence of yaw error
Root damage detection in the presence of pitch error
As with yaw error, similar trends are observed in the blade-to-blade response ratios to identify damage in the presence of changing pitch angle� Upon first inspection of the blade-to-blade response ratios for each wind regime an obvious trend emerged; the change in response amplitude for the blade pairs with the damaged blade (Blade 3) increased significantly beyond a 15° pitch angle� To understand if this trend was due to the damage condition of Blade 3 or due to the change in pitch of Blade 3, the blade-to-blade response ratios were plotted for the case of no damage and only the pitch angle of Blade 3 was altered� Figure 36 shows the results of this plot� The figure reveals that for pitch angles from 0° to 15° the change in the blade-to-blade response ratios for all blade pairs is negligible, that is, damage is not present� However, for pitch angles beyond 15° the blade-to-blade response ratios for the blade pairs with the pitched blade pitch error when operating in a uniform wind flow� The damaged blade (Blade 3) causes the blue and green curves to exhibit the largest changes whereas there is negligible change for the undamaged blade-to-blade response ratio (red curve)� At pitch angles greater than 15° the change in the blade-to-blade response ratio is dominated by the change in pitch angle of Blade 3� Figure 38 shows a similar trend for the blade-to-blade response ratio when operating under vertical wind shear and in Fig� 39 for a turbine operating under horizontal wind shear� Again, the blue and green curves exhibit the largest changes whereas there is negligible change for the undamaged blade-to-blade response ratio (red curve)�
Conclusions
Experiments were conducted on a small horizontal axis wind turbine by controlling the inflow conditions and measuring the inertial response of the rotor blades as a function of yaw error, pitch error and simulated damage conditions (ice accretion and blade root crack)� Using cyclic averaging in conjunction with OMA techniques, it was demonstrated that the sensitivity of the measured blade flap and lead-lag acceleration responses to yaw error was larger in the presence of vertical wind shear than in the case of uniform flow, but smaller in the presence of horizontal wind shear� It was also shown using these same operational blade acceleration measurements that the presence of either horizontal or vertical shear inflow conditions makes it possible to distinguish between positive and negative yaw error, which would be important for controlling yaw error in practice� In contrast, the measured blade acceleration responses did not exhibit a significant sensitivity to a single blade pitch error� Although the small-scale wind turbine blade that was tested has a substantially different aerodynamic profile than a utility-scale blade, the measurement technique and data analysis methodology are general and can translate well to utility-scale blades� It was also shown that ice accretion could be detected using the lead-lag operational blade acceleration measurements at a frequency of one per revolution regardless of the yaw error and regardless of the inflow condition (vertical or horizontal wind shear)� The percent change in the lead-lag acceleration response at this frequency was 35%� Likewise, the percent change in the lead-lag response was again 35% for pitch errors less than 5 degrees, and the presence of ice could be detected regardless of pitch error� For the case of a simulated blade root crack, the flap acceleration response of the blade showed the most sensitivity to the simulated damage� The presence of the faulty blade could be detected regardless of the yaw/pitch error and regardless of the inflow conditions� The results of this investigation indicate that blade operational acceleration responses in conjunction with OMA techniques are a promising means of detecting and characterising yaw error and certain blade damage conditions� The experiments demonstrate that the data analysis procedure is capable of extracting features that can detect errors in yaw and pitch as well as simulated damage conditions despite significant variations in the wind inflow conditions, which is an important finding given that such variations are prevalent in utility-scale wind farms�
